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Several lines of evidence have indicated that the 
estrogen receptor (ER) can recruit the corepres- 
sors, nuclear receptor corepressor (NCoR) and si- 
lencing mediator of retinoid and thyroid receptors 
(SMRT), to target genes In the presence of tamox- 
ifen, suggesting a possible role for NCoR/SMRT In 
regulating ER pharmacology. However, a tamox- 
Ifen-dependent, direct Interaction between NCoR/ 
SMRT and ER in vitro has not been demonstrated. 
To Investigate the possible involvement of different 
corepressors in the actions of antlestrogen-bound 
ER, we have constructed a phage display library 
that expresses 23-amino acid peptides containing 
the canonical CoRNR box motif In an otherwise 
random background. Screening of the CoRNR box 
library with apo-ER or ER treated with tamoxifen or 
ICI 182,780 led to the Isolation of peptides whose 
ability to Interact with ER was Influenced by the 
nature of the bound llgand. Using a series of ERa 



mutants, we found that helix 12 was not required 
for the binding of CoRNR box peptides, whereas 
disruption of helixes 3 and 5 had a marked effect on 
peptide binding. One mutant, ER-L372R, lost the 
ability to interact with CoRNR box-containing pep- 
tides without affecting Its binding to LXXLL motif- 
containing peptides. The estradiol- and tamoxifen- 
medlated transcriptional activity of ER-L372R was 
dramatically Increased by 11- and 3-fold, respec- 
tively, compared with that of wild-type ERa. The ICI 
182,780-medlated represslonal activity of this mu- 
tant was also reduced by 4-fold compared with 
that of wild-type ERa. These results suggest that 
leucine 372 may be an important part of the inter- 
action surface on ER that Is responsible for core- 
pressor binding. In addition, our data suggest that 
corepressors, other than NCoR/SMRT, may be in- 
volved In ER signaling. [Molecular Endocrinology 
16: 1778-1792, 2002) 



THE BIOLOGICAL actions of estrogens and anti- 
estrogens are mediated by the estrogen recep- 
tor (ER), a hormone-activated transcription factor. Li- 
gand-free (apo) ER can be isolated from cell extracts 
associated with complexes composed of a number of 
heat shock and immunophilin proteins (1 , 2). The major 
nonreceptor component of these complexes is 
thought to be heat shock protein 90. However, there Is 
evidence that repressor proteins other than heat shock 
protein 90 exist that interact with ER in the absence of 
hormone (3). Regardless, binding of hormone leads to 
dissociation of the apo-ER complex and subsequent 



Abbreviations: DAX-1, Dosage-sensitive sex reversal- 
adrenal hypoplasia congenita critical region on the X chro- 
mosome; ER, estrogen receptor; ERE, estrogen response 
elennent; Gal4-DBD, Gal4 DNA binding domain; GRIP1 , glu- 
cocorticoid receptor-interacting protein 1 ; H, helix; HBD, hor- 
mone binding domain; ID, receptor-interacting domain; LBD, 
ligand binding domain; NCoR, nuclear receptor corepressor; 
PPAR, peroxisome proliferator-activated receptor; PR, pro- 
gesterone receptor; RAR, retinoic acid receptor; REA, repres- 
sor of estrogen receptor activity; RXR, retinoid X receptor; 
SERM, selective estrogen receptor modulator; SHP, short 
heterodimer partner; SMRT, silencing mediator of retinoid 
and thyroid receptors; SRC-1 , steroid receptor coactivator 1 ; 
TR, thyroid hormone receptor; wt, wild-type. 



receptor homodimerization. Depending on the nature 
of the bound ligand, the receptor can then interact with 
coactivators or corepressors and either positively or 
negatively regulate the transcription of estrogen- 
responsive genes. The complexity of this generalized 
model of estrogen action was increased with the iden- 
tification of a second ER (ER^) (4). Both ERa and ERjS 
bind estrogens with high affinity and can activate the 
transcription of promoters containing a classical es- 
trogen response element (ERE) (5). However, ER)3 has 
been shown to function as an inhibitor of ERa tran- 
scriptional activity, decreasing cellular sensitivity to 
estradiol in target cells where both receptor subtypes 
are expressed (6). Consequently, the response of a cell 
to specific ER modulators is determined to a large 
extent by the relative and absolute expression levels 
of coactivators, corepressors, and each receptor 
subtype. 

Crystallographic analysis of the ER ligand binding 
domain (LBD) has established that ligand binding has 
a dramatic effect on receptor structure. Agonists such 
as 17)3-estradiol and diethylstilbestrol induce a recep- 
tor conformation in which the carboxyl-terminal helix 
12 (H12) is aligned over the hormone binding cavity, 
resulting In the formation of a specific binding site for 



1778 



Huang et al. • CoRNR Box Motif-ER Interactions 



Mol Endocrinol, August 2002, 16(8):1 778-1 792 1779 

EXHIBIT F 



the consensus LXXLL motif found within coactivators 
(7, 8). Selective ER modulators (SERMs) such as ralox- 
ifene and tamoxifen, on the other hand, induce con- 
formational changes in ER that interfere with the 
repositioning of H12 and alter the coactivator recruit- 
ment surface (7, 8). More recently, the structure of the 
ERp LBD complexed with a pure antagonist, ICI 
164,384, has been determined, indicating that binding 
of this antagonist completely destabilizes H12 and 
prevents it from adopting either agonist or SERM ori- 
entation (9). Proteolysis and peptide binding studies 
have also shown that pure antagonists facilitate a con- 
formational change within ER that is unique and dif- 
ferent from that induced by agonists and SERMs 
(1 0-1 2). Thus, SERMs and pure antagonists are mech- 
anistically distinct classes of compounds that, not sur- 
prisingly, exhibit different pharmacological profiles in 
vivo. Of particular note In this regard are studies dem- 
onstrating that tamoxifen-resistant breast tumors are 
highly responsive to treatment with pure antiestro- 
gens. An attractive model with which to explain this 
differential response is that the corepressor/coactiva- 
tor ratio in breast tumors changes during the course of 
treatment, enabling tamoxifen to engage a suitable 
coactivator and to function as an agonist. However, as 
the ^ure antagonist-ERa complex adopts a different 
conformation, its cofactor preferences are different 
and are not compatible with transcriptional activation 
(13-15). Clearly, there Is a need to identify and char- 
acterize the coactivators and corepressors that inter- 
act with ER and determine how they Interface with the 
receptor. 

Two corepressors, nuclear receptor corepressor 
(NCoR) and silencing mediator of retinoid and thyroid 
receptors (SMRT), have been implicated in mediating 
ER signaling. Specifically, it has been noted that 1) 
ERa-NCoR or ERa-SMRT complexes can be formed 
in MCF-7 cells upon treatment with tamoxifen (13, 16); 
2) tamoxifen manifests considerable agonist activity in 
mouse embryo fibroblasts derived from NCoR knock- 
out mice (17); and 3) down-regulation of NCoR was 
observed in tamoxifen-resistant MCF-7 xenografts in 
an animal model (13). Despite this compelling func- 
tional data, attempts to demonstrate the direct inter- 
action between ER and NCoR/SMRT have revealed 
that ER can bind to these corepressors regardless of 
agonist or antagonist treatment in vitro (14, 18). This 
difficulty in linking IMCoR/SMRT- mediated regulation 
of ER pharmacology to a tamoxifen-dependent, direct 
protein-protein interaction may suggest that 1) the 
actions of these corepressors are indirect and require 
another protein to enable complex formation; or 2) 
there exists as yet unidentified corepressors that in- 
teract directly with ER. To address these issues we 
have constructed a focused phage display library that 
contains the CoRNR box motif, derived by aligning 
two receptor-interacting domains (ID) from NCoR and 
SMRT. The CoRNR box motif has been shown to be 
important for binding to thyroid hormone receptor (TR) 
and retinoic acid receptor (BAR) (19, 20), and the se- 



quences adjacent to the CoRNR box motif have been 
suggested to play an important role in mediating the 
specificity of receptor interactions (21). In this study 
we have used phage display technology to identify 
CoRNR box-containing peptides that bind ER specif- 
ically. Furthermore, disruption of the surfaces on ERa 
that facilitate CoRNR box peptide-receptor interac- 
tions have dramatic effects on ERa pharmacology, 
leading to the conclusion that this receptor is subject 
to negative regulation either by an inhibitory intra- 
molecular interaction or by an as yet unidentified 
corepressor. 



RESULTS 

Characterization of the Phage Display 
Peptide Library 

A 23-mer phage library in which the CoRNR box motif 
was flanked on each side by seven random amino acid 
residues (X7-L-X-X-H/I-I-X-X-X-I/L-X7) was created in 
the phage vector mBAX such that the recombinant 
peptide is expressed as a fusion with the pill capsid 
protein in an Ml 3 bacteriophage. Enrichment of the 
CoRNR box motif in the library was expected to facil- 
itate the identification of NCoR/SMRT-like peptides 
that otherwise have a lower probability to be identified 
using a random peptide library. DNA from 36 random 
phage clones were isolated and sequenced, and the 
peptide sequences were deduced. Thirty-four clones 
expressed the expected 23-residue CoRNR box- 
containing peptide (Table 1). The overall amino acid 
distribution for the random codons is shown in Table 
2A. To eliminate the bias inherent in codon usage, the 
frequency of each amino acid was divided by the 
number of different codons encoding that particular 
amino acid (Table 2, last column). Acidic amino acids 
such as aspartate and glutamate were the most abun- 
dant amino acids in this library (>:5%). Cysteine was 
very rare (0.3%). For the amino acid residue at position 
4 in the peptide, an MWC codon (M = A or C; W = A 
or T) was used. This codon will encode not only his- 
tidine and isoleucine, which are found in the consen- 
sus CoRNR box sequence, but also asparagine and 
leucine. Table 2B shows that 29% of the peptides 
expressed the desired histidine/isoleucine. For the 
amino acid residue at position 9 in the peptide, an 
MTC codon was used, which only allows isoleucine 
and leucine to be expressed. The frequency of occur- 
rence at this position is 56% and 44% for leucine and 
isoleucine, respectively, very close to the expected 
frequencies (Table 2B). 

Affinity Selection of Peptides That Bind apo-ER 
or Complexes of ER with Different Antiestrogens 

The CoRNR library was screened for phage- 
expressing peptides that bound with high affinity to 
ERa or ERjS in the absence of hormone or in the 
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Table 1. Peptide Sequences of 34 Randonnly Chosen 
Clones from CoRNR Box Library 



H I 

xxxxxxxLxxIIxxxLxxxxxxx 
(N) 
(L) 



4 
1 


ELITANPLWMNIASPLRVSLQKE 


2 


TWKPTTELGTI IGNRIMADRS SM 


3 


TGGRSAILADLIRADIATDRSKI 


4 


LREATQFLDANISQQIGFSWDPN 


5 


LEGWNKYLAHNIQRAIGGRASSL 


6 


YGFADGSLTQNIASTLSRAHSNF 


7 


MSQVRQDLSEHIENKLTENLVSR 


8 


SHSASYSLPTHILSSLGEMTMSK 


9 


HIYTSQELQEIIWDKLHPWSESP 


10 


S AGHVH PLG PNI KGS I TPGFTAS 


n 


ET PN S S VL S VL I EQN I S P S AMVR 


12 


GG YVAKQL S VNI TS HL S Q YKT E L 


13 


LHSPSEELHKNIHRTLKSAHTVW 


14 


YSDLSKSLQLHITRNIKGDSDKS 


15 


DTRLNTRLHPLINTSLLLSQSVP 


16 


PRSKLTILQSNIDQRLQRTVPGW 


17 


VPTTVPVLTTLISQGIDERRLLE 


18 


MFPRGNLLTNLIRPEIGLENRPY 


19 


CGSHDSTLCLNI PAQLLPVKQMT 




nCVTCDGT MtrHTT'T7DTD DSPanC 
Ujc^I oKoJulNJtitXlX 1 r fJLKJrrt.oAJJo 


21 


TTVDGWSLRQNIPMRIKTQSTQS 


22 


MFVDDSVLGGNIGFQLVLAELQD 


23 


INRAVLDLDTNITTKLQHQRSHF 


24 


NEPHNVKLGWNIVSRLSMKVKRT 


25 


PVLPEMDLHENIHNLILIEQDHY 


26 


TDRANMLLPTHITTQLPDLAKRM 


27 


QSIMHEKLRWNIGEQLSLVERPS 


28 


FNSHPTELMRLIEQPITRYMMNE 


29 


QRGKLTMLEEIIINQIEDSWST 


30 


QQQNRYLLAGLIRQTI I ETPGNV 


31 


SQGVAAALKAHILI PLGQPRGMA 


32 


DPASAFGLQPLIHPRLMTQPSSL 


33 


YTSEVTALQSHIKATLRTPRKST 


34 


QETPHDRLWKNIRPTLSLFNKDM 



Residues that were fixed to display the desired amino acids 
are in bold. 



presence of tannoxifen or ICI 182,780. After three 
rounds of affinity selection, significant enrichment of 
phage was observed using ERjS, whereas nnininnal 
enrichment of ERa interactors was observed. We 
believe that this is due to differences in the stability 
of the purified recombinant receptors, as most of the 
peptides obtained using ERjS as the target interact in 
an efficient manner with ERa in a mammalian two- 
hybrid assay (see below). Because of the difficulty of 
using ERa in the screen, we used ERjS as the target 
for all subsequent primary screens. ELISA was used 
to identify the phage clones that bind ER with high 
affinity and ligand dependency. Of 48 random 
clones analyzed in each pool, 32 clones bound apo- 
ERj3, 17 clones bound tamoxifen-EPp, and 31 
clones bound ICI 182,780-ER)3. The amino acid se- 
quence of the interacting peptides was deduced 
after DNA sequencing of the phage inserts. Table 3 
shows the peptide sequences and frequency of oc- 



Table 2. Amino Acid Distribution of the CoRNR 
Box Library 

-2 -1 1 2 34 567 8 9 



H I 



XXX 


X X X X 


L X X I : 

(N) 
(L) 


I X X X L X : 


X X X X X X 


A) Random Codons 


Amino 
Acid 


Expected 
Codons Frequency 

{%r 


Frequency 
[% (no.)] 


Observed 
Frequency/Amino 
Acid Redundancy 


Arg 


CGK 

agg' 




7.4 (48/646) 


2.5 


Leu 


CTK, 
TTG 


9.4 


5.4 (35/646) 


1.8 


Ser 


TCK, 
AGT 


9.4 


2.2 (79/646) 


4.1 


Ala 


GCK 


6.2 


5.9 (38/646) 


3.0 


Gly 


GGK 


6.2 


5.7 (37/646) 


2.9 


Pro 


CCK 


6.2 


7.0 (45/646) 


3.5 


Thr 


ACK 


6.2 


9.6 (62/646) 


4.8 


Gin 


CAG, 
TAG 


6.2 


7.0 (45/646) 


3.5 


Val 


GTK 


6.2 


4.8(31/646) 


2-4 


Asn 


AAT 


3.1 


4.2 (27/646) 


4.2 


Asp 


GAT 


3.1 


5.0 (32/646) 


5.0 


Cys 


TGT 


3.1 


0.3 (2/646) 


0.3 


Glu 


GAG 


3.1 


6.0 (39/646) 


6.0 


His 


CAT 


3.1 


3.7 (24/646) 


3.7 


He 


ATT 


3.1 


1.7 (11/646) 


1.7 


Lys 


AAG 


3.1 


4.8 (31/646) 


4.8 


Met 


ATG 


3-1 


3.6 (23/646) 


3.6 


Phe 


TTT 


3-1 


2.0 (13/646) 


2.0 


Trp 


TGG 


3.1 


1.9 (12/646) 


1.9 


Tyr 


TAT 


3.1 


1.9 (12/646) 


1.9 



B) Specified Codons 



Position 


Amino 
Acid 


Codons 


Expected 
Frequency 
(%) 


Observed 
Frequency 
[% (no.)l 


4 


His 


CAC 


25 


21 (7/34) 




lie 


ATC 


25 


8 (3/34) 




Leu 


CTC 


25 


24 (8/34) 




Asn 


AAC 


25 


47 (16/34) 


9 


Leu 


CTC 


50 


56 (19/34) 




lie 


ATC 


50 


44 (15/34) 



^ Expected frequency = no. of codons for that amino acid -^ 
32 codons x 100%. Note the use of reduced genetic code 
NNK (32 codons) in library construction; no. of sequenced 
codons = 646 (34 clones x 19 random codons). 



currence for the phage clones obtained. The bN, bT, 
and bl phage clones represent phage isolated using 
apo-ERj3, tamoxifen-ERjS, and ICI 182,780-ER)3 as 
targets, respectively. All of the bT and bl phage were 
isolated using receptor immobilized directly to plas- 
tic plates. However, enrichment of bN phage can 
only be obtained using receptor bound to immobi- 
lized EREs, suggesting that apo-ER may adopt a 
more favorable conformation for CoRNR box pep- 



Huang et al. • CoRNR Box Motif- ER Interactions 



Mol Endocrinol, August 2002, 16(8):1 778-1 792 1781 

EXHIBIT F 



Table 3. Sequences of CoRNR Box-Containing Peptides 
that Interact with ER in Vitro 





H I 






xxxxxxxLxxI IxxxLxxxxxxx 






(N) 






(L) 




Peptide 


Sequence 


Frequency 


bN1 


QETIQRWLRGHIQRELGTMELKD 


14/32 


bN2 


EYHEKRWLEGHIHHRIKSLLENS 


16/32 


bN16 


HSTTLTGLASIIRERILTELRDE 


1/32 


bN18 


PENFRQALRAHIADLITNQDYRS 


1/32 


bT1 


ELFDAFQLRQLILRGLQDDI PYH 


16/17 


bT17(-bN2) 


EYHEKRWLEGHIHHRIKSLLENS 


1/17 


bl1 


FMNNGVLLATNI ENLLRTQPGSN 


1/31 


bl2 


EMEWMKALRQHI SGELRRNYTEE 


5/31 


bl5 


NAAPRTALSHHIHSDLLDGPTTT 


1/31 


bl7 


PKTPGVPLNPLISPEITSDTSML 


1/31 


bl8 


AAYD PAALNNNI R YALVKHS Q I K 


3/31 


bl9 


NTYNTGALRFNIVESIWASKKLR 


1/31 


bl11 


VPRFTKGLVGNI PLAIDTNSGTV 


1/31 


bl12 


ESERANLLKEHIKMTLPEERKKT 


1/31 


bl13 


NVIAQPTLASIIPPSLKRQSEAR 


1/31 


bl15 


SPFTQVTLKGNIAPSIVGSQGMA 


1/31 


bl16 


PIAHRVNLRHNITEDITLSHRFL 


1/31 


bl17 


IDDGHPHLWKNIWDTLDKPGLGA 


1/31 


bl18 


FKPGTSSLDTHIPLGLNKSFHHN 


1/31 


bl20 


NQGNTKELLGNINYFLTHHTVPA 


1/31 


bl21 


LTYPIRELKMNITSGIRLDKRVL 


1/31 


bi22 


HKDSQLTLANNIMGQLSSTGGKH 


1/31 


bl23 


WD VGE I RLRRHI KMPL S EEAI AE 


1/31 


bl24 


SHYEKYSL PGI I VRKI STTDWRP 


1/31 


bl25 


QHQNRQQLGSNIAATLPGKRESV 


1/31 


bl26 


KSQTKAELPYLIGKQITKNQPEQ 


1/31 


bl27 


DALDNQRLLGNIDNVLKVTNPNA 


1/31 


bl28 


GQSARFALSQHIPSKIYDHPRPN 


1/31 


bl29 


KWESLDALQGLI SSHLSAMGPI P 


2/31 


bl30 


RAVHERALNPLILDRLLHELKSE 


1/31 



bN peptides were isolated using ER/3 immobilized on biotin- 
ylated ERE. bT peptides were isolated using ER)3 treated with 
4-hydroxytamoxifen (1 jlim). bl peptides were isolated using 
ER)3 treated with IC1 182,780 (1 ^lm). Residues that were fixed 
to display the desired amino acids are in bold. 



tide binding when an ERE is present. Among the four 
unique bN clones obtained, clones bNI and bN2 
were found most frequently. It was noticed that bNI 
and bN2 both possess arginine at position -2, tryp- 
tophan at position -1, and glycine at position 3, the 
significance of which remains to be determined. 
Seventeen clones showed specific binding to ta- 
moxifen-bound ERj3. However, 16 of the clones in 
this group share the same sequence (bTI). Impor- 
tantly, bT17 has the same sequence as bN2, sug- 
gesting that ER may adopt a similar conformation at 
the binding site of this peptide in the absence of 
hormone or in the presence of tamoxifen. Twenty- 
four unique clones were obtained that showed spe- 
cific binding to ICI 182,780-bound ER. However, 
only two of the bl clones (bl2 and bl29) showed 
specific binding to ER using the mammalian two- 
hybrid assay (see below), suggesting that ICI 



182,780 treatment in vitro may have forced ER to 
adopt a conformation that Is not normally seen in 
vivo. 

A mammalian two-hybrid assay was used to confirm 
that the CoRNR box-containing peptides identified in 
vitro interact with ER in the context of an intact cell. 
Specifically, the DNA inserts from each phage were 
cloned Into a vector that enabled the peptide to be 
expressed as a Gal4 DNA binding domain (Gal4-DBD)- 
peptide fusion protein. The ability of the fusion pro- 
teins to interact with full-length VP16-ERa or VP16- 
ER)3 occupied by different estrogens/antiestrogens in 
mammalian cells was determined by assaying the abil- 
ity of the complex to activate a luciferase reporter 
construct under the control of five copies of a Gal4 
upstream enhancer element (5xGal4-TATA-Luc). As 
a point of reference we also produced Gal4-DBD- 
peptide fusions corresponding to the previously iden- 
tified IDs from NCoR and SMRT. A direct comparison 
of the sequences of all the peptides used in this study 
is shown in Fig. 1 E. The fusion proteins were shown to 
be expressed at similar levels by Western blot analysis 
(data not shown). Figure 1 , A and B, shows the results 
from a mammalian two-hybrid assay confirming the 
ER-peptlde interactions in HepG2 cells. Interestingly, 
although the CoRNR box peptides chosen for this 
analysis were isolated using ER/3 as a target, most 
peptides interact with ERa also (Fig. 1A). Most impor- 
tantly, all of these CoRNR box peptides interact with 
ERa or ERp in the absence of hormone or in the 
presence of tamoxifen or ICI 182,780, and none 
interacts with estradiol-bound ER. These results 
strengthen our hypothesis that the CoRNR box pep- 
tides bind to surfaces on ER that are important for 
corepressor binding. The mammalian two-hybrid 
assay was further validated by demonstrating that 
the four CoRNR box-containing peptides derived 
from NCoR/SMRT IDs were capable of interacting 
with apo-TR)3 or apo-RARa, and these interactions 
were disrupted upon addition of thyroid hormone or 
all-trans-retinoic acid (Fig. 1, C and D). However, 
neither TRj3 nor RARa was able to interact with the 
ER-interacting CoRNR box peptides identified in our 
screens (Fig. 1, C and D). Furthermore, we were 
unable to demonstrate an interaction of ERa or ER)3 
with any of the previously defined CoRNR box pep- 
tides found in NCoR/SMRT (Fig. 1, A and B). Iden- 
tical results were obtained using HeLa cells (data 
not shown). In general, the ER binding profiles of the 
CoRNR box peptides evaluated in vivo reflect the 
characteristics observed using in vitro ELISA and 
confirm that there are surfaces on ER that can ac- 
commodate these CoRNR box-containing peptides. 
These results are consistent with the presence of a 
specific corepressor binding surface(s) on ERa and 
ERj3. However, the ER-binding corepressors may be 
different from the corepressors (NCoR/SMRT) 
bound to TR or RAR. 
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A. 



1800, 




glNH 



■Tamoxifen 

□IGI 182,780 



1 i i 1 s s 1 1 11 g 



b ^ fc 
^ § § I 



600i 



ERp 









X 


il 


.(1.1 1 


3 I 






hS\ hSt UHt6 tan 



1 i i 



2 n i-* 

C S 03 



UNH 
^Estradioi 
■Tamoxifen 
□la 182,780 



i 1 11 ^ 



i 



c 



500 
I 400' 

I 300 

1 . 
I 200 

'JSt 

i too 



UNH 



2: 2: b 
j3 jo Z 2^ 



= = ^ 1 ^ ^ 

i ^ 

K CO 



D. 



^350 
I 300 

J 250' 

I 50- 
0 



RARa 



BNH. 
gATRA 



¥TFi"r§T 



as z 



JUL 



i i 



E. 



CoKNR box xxxxxxxlixxHIxxxIxxxxxxx 
library I 1* 

peptide (N) 
sequence 

bNl QETX0RWI.RGH1QRELGTMELKD 

bN2 EYHEKRWLEGHIHHRIKSLI^ENS 

bN16 HSTTLT<3I*ASI1REKII*TELRDE 

bNX8 PENFRQALRAHIADLITNQDYRS 

bXl BLFDAFQI#RQIilLRGI.QDDIPyH 

bl2 EMEWMKALROHISGEIiRRKTYTEE 

bI29 KWESLDAX/QGLISSHLSAMGPIP 

NCoR ID-N RTHRLITXiADHICQIXTQDFARH 

SMRT ID-N GHQRWTIiAQHISEVITQDYTRH 

NCoR ID-C DPASNLGJUEDIIRKALMGSFDDK 

SM RT ID-C HASTOMGX.EA1IRKALMGKVB0W 

Fig. 1. Evaluation of the Interaction between Receptor and CoRNR Box-Containing Peptides In Mammalian Cells 

HepG2 cells were transiently transfected with expression vectors for the Gal4-DBD-peptide fusion protein, a Gal4-responsive 
luciferase reporter constnjct (5xGal4-TATA-Luc), the p-galactosidase control plasmid, and VP16-ERa (A), VP16-ER/3 (B), 
VP16-TRj3 (C), or VP16-RARa (D). Transfection of Gal4-DBD alone Is included as a control. After transfectlons, cells were treated 
with 100 nM estrogen or antiestrogens (A and B), 100 nM T3 (C), or 100 nM all-frans-retinoic acid (D) for 24 h and assayed for 
luciferase and /3-galactosldase activities. Data are presented as normalized luciferase activity, which was obtained by dividing 
luciferase activity by )3-galactos!dase activity. The inset in B magnifies the lower part of the luciferase activity to emphasize the 
hormone-specific interaction between ER)3 and CoRNR box-containing peptides. E, Sequence comparison between ER- 
interacting CoRNR box peptides and the peptides derived from NCoR/SMRT IDs. 
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Determination of the Region within ERa Required 
for CoRNR Box Peptide Binding 

A series of nnutants was generated to define the re- 
gion(s) within ER required for CoRNR box peptide 
binding. We selected ERa for a nnore extensive anal- 
ysis in this study because its pharmacology is more 
clearly defined. A schematic diagram of ERa and the 
mutants used in the current study is shown in Fig. 2. 
Mutations in helix 12 have been shown previously to 
decrease ERa transcriptional activity and abolish the 
interaction of the receptor with the coactivator glu- 
cocorticoid receptor-interacting protein 1 (GRIP1) (22) 
and with LXXLL motif-containing peptides (23). Muta- 
tions of lysine 362, leucine 372, and valine 376 were 
chosen because amino acid substitutions at equiva- 
lent positions in TRa or RXRa are known to decrease 
their ability to interact with NCoR/SMRT and to abro- 
gate ligand-independent repression activity (20). All of 
these mutations were created in the background of a 
full-length VP16-ERa protein to enable evaluation of 
receptor-peptide interactions using a mammalian two- 
hybrid assay in HepG2 cells. The interactions of sev- 
eral different classes of LXXLL peptides with mutant 
ERs were also analyzed for comparison. Three LXXLL 
peptides D1 1 , D47, and F6 with distinct receptor bind- 
ing characteristics (23) were used. The Gal4-DBD- 
GRIP1 NR-box fusion contains the middle three cop- 
ies of the LXXLL motif found in the coactivator GRIP1 . 
As shown in Fig. 3, A-D, mutations in helix 12 did not 
affect the binding of the CoRNR box peptides to ERa, 
but actually enhanced the binding of bTI and bl2 
peptides to the receptor. The interaction of the CoRNR 
box peptides and the ERa helix 12 mutants was inter- 
esting in that the exquisite hormonal specificity ob- 
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Fig. 2. ERa Mutants Used in This Study 

Schematic representation of ERa showing amino acid sub- 
stitutions in helixes H3, H5, and HI 2. Residues that were 
mutated are in bold and underlined. Also shown is a sche- 
matic of the ER mutant receptor (ER-HBD) that contains only 
the F domain and part of the E domain {H2 to HI 2). 



served on the wild-type ERa (wtERa) was not pre- 
served (Fig. 3, A-C). This suggests that the positioning 
of helix 12, influenced by the nature of the ligand 
bound, is an important regulator of CoRNR box pep- 
tide binding. Mutations at the amino acid residues 
Lys^^^ and VaP^® within ERa decreased its ability to 
interact with both the CoRNR box and LXXLL pep- 
tides, suggesting that the binding surfaces for these 
two classes of peptides are close or overlapping. The 
results obtained with ER-L372R are the most interest- 
ing, as this specific mutation totally abolished the in- 
teraction between ERa and two of the CoRNR box 
peptides (bTI and bl2) while having no effect on bind- 
ing of the LXXLL peptides to the receptor (Fig. 3). 
Additional LXXLL peptides (D2, D22, and SRC-1 NR- 
box) were also tested, and they all exhibit similar bind- 
ing characteristics (data not shown). Thus, although 
the binding sites on ERa for the CoRNR box and 
LXXLL peptides are closely linked, they can be func- 
tionally separated. 

Using a mutant in which the N-terminal 311 amino 
acids were deleted (ER-HBD), it was shown that the 
interaction between ERa and all the CoRNR box- 
containing peptides were severely impaired (Fig. 3, 
A-D). The interaction of ER-HBD with LXXLL motif- 
containing peptides was affected, but not as dramat- 
ically (Fig. 4, E-H). These results suggest that domains 
other than LBD may be involved in the formation of the 
CoRNR box peptide binding pocket in ERa. 

Enhanced Transcriptional Activity by a Mutant ER 
That Is Unable to Bind to the CoRNR Box- 
Containing Peptides 

The studies described to date indicate that the 
CoRNR box peptides identified can function as 
probes of antagonist-induced changes in ERa con- 
formation. Next we determined whether the surfaces 
on the receptor with which these peptides interact 
could have a specific regulatory function. To this 
end, we compared the transcriptional activity of 
WtERa with that of the ER-L372R mutant in a recon- 
stituted transcriptional system in transfected cells. 
Specifically, the lucif erase reporter plasmid 3xERE- 
TATA-Luc and increasing concentrations of wild- 
type or mutant ERa expression vector were tran- 
siently transfected into ER-negative HepG2 cells. All 
transfections were performed in the absence or 
presence of 10"^ m 17j3-estradiol, 4-hydroxytamox- 
ifen, or ICI 182,780. As shown in Fig. 4A, the con- 
stitutive transcriptional activity of ER-L372R was 
considerably lower than that displayed by the wild- 
type receptor. This effect is probably a general con- 
sequence of disturbances of the ER-LBD surface, as 
other mutations in ERa helix 12 analyzed in the same 
manner also exhibit a lower level of constitutive 
activity (data not shown). Tamoxifen manifests sig- 
nificant partial agonist activity in HepG2 cells ex- 
pressing exogenous wtERa, the magnitude of which 
is increased by a maximal 3-fold when assayed in 
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Fig. 3. The Binding Surface for CoRNR Box-Containing Peptides Is Located on Helixes H3 and H5, But Not H12, of ERa 

Mammalian two-hybrid assays were performed using wild-type or mutant VP16-ERq£ and Gal4-DBD-CoRNR box or Ga!4- 
DBD-LXXLL fusion peptides. The indicated vectors were transfected into HepG2 cells with a reporter plasmid (5xGal4-TATA-Luc) 
and the control )3-galactosidase plasmid. After transfection, cells were treated with 100 nM hormone for 24 h before being 
harvested for determination of luciferase and /3-galactosidase activities. Data are presented as normalized tuciferase activity, 
which was obtained by dividing luciferase activity by ^-galactosidase activity. 
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Fig. 4, Analysis of the Transcriptional Activity of Mutant ERa with Amino Acid Substitution at Leucine 372 

A-D, HepG2 ceils were transfected with different amounts of wild-type or mutant ERa along with 3xERE-TATA-Luc reporter 
and the p-galactosidase control plasmid. After transfection, cells were treated with different ligands (100 nM) for 24 h before being 
harvested for determination of luciferase and j3-galactosidase activities. Data in A are presented as normalized lucif erase activity, 
which was obtained by dividing luciferase activity by /3-galactosidase activity. Data in B, C, and D are presented as fold induction, 
which was obtained by dividing the normalized luciferase activity in the presence of ligand by that in the absence of ligand. E, 
Western analysis of the expression levels of wild-type or mutant ERa. HepG2 ceils were cotransfected with wild-type or mutant 
ERa and a control green fluorescence protein expression vector. After 24 h of hormone treatment, nuclear extracts were prepared 
from transfected HepG2 cells and analyzed as described in Materials and Methods. 



cells expressing the L372R mutant (Fig. 4C). In this 
cell system the pure antiestrogen ICI 182,780 func- 
tions as an inverse agonist, and in the absence of 
added agonist it caused a 90% repression of the 
basal transcriptional activity of the SxERE-TATA- 
Luc reporter in cells expressing v\/tERa. This repres- 
sion activity is decreased by a maximal 4-fold when 
a similar assay is performed in cells expressing the 



ER-L372R mutant (Fig. 4D). The most dramatic and 
unexpected result observed, however, was that es- 
tradiol-stimulated transcriptional activity of the ER- 
L372R mutant was greatly enhanced compared with 
that of wtER (Fig. 4B). This observed increase in the 
efficacy of estradiol was most dramatic when 10 ng 
of the ER-L372R expression vector was used (11- 
fold more active than wtER). Transfection of higher 
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concentrations of ER-L372 led to a progressive de- 
crease in estradiol-dependent transcriptional activ- 
ity, possibly due to sequestration of limiting tran- 
scription factors by overexpression of this highly 
active nnutant receptor. Similar results were ob- 
served using a C3-Luc reporter that contains a bona 
fide estrogen-responsive human C3 complement 
promoter (data not shown). Western analysis indi- 
cated that the wild-type and mutant ERs used in this 
study were similarly expressed, ruling out differ- 
ences in expression level as the basis for the ob- 
served differences in transcriptional activity (Fig. 
4E). These results suggest that amino acid residue 
L372 is contained within a region that functions as a 
negative regulatory surface for ERa. 

The ER-L372R Mutant Is Not Hypersensitive 
to Estradiol 

The dramatically enhanced estradiol-dependent 
transcriptional activity of ER-L372R prompted us to 
examine whether this mutant receptor displayed an 
increased sensitivity to estradiol. To address this 
issue, HepG2 cells were transfected with 10 ng of 
either the wtERa or ER-L372R expression vector 
along with 3xERE-TATA-Luc reporter and subse- 
quently treated with increasing concentrations of 
estradiol (Fig. 5). Contrary to what was expected, we 
observed that the mutant receptor was about one 
order of magnitude less sensitive to estradiol than 
the wild-type receptor. These results suggest that 
mutation at leucine 372 of ERa did not render the 
receptor more sensitive to estradiol treatment. 
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Fig. 5. Dose- Response Analysis of 3xERE-TATA-Luc In- 
duction by Estradiol for the wtER or Mutant ER-L372R 

HepG2 cells were transfected with 10 ng ER-WT or ER- 
L372R along with 3xERE-TATA-Luc and the p-galactosidase 
control plasmid. After transfection, cells were treated with 
increasing concentrations of estradiol for 24 h before being 
harvested for determinations of luciferase and j3-galactosi- 
dase activities. Data are presented as fold induction, which 
was obtained by dividing the normalized luciferase activity in 
the presence of ligand by that in the absence of ligand. Note 
that the scale for ER-WT {left y-axis) Is about 1/20th that for 
ER-L372R {right y-axis). 



Increased Interaction with Known LXXLL Motif- 
Containing Peptides May Partly Account for the 
Enhanced Transcriptional Activity of the 
ER-L372R Mutant 

One mechanism by which the L372R mutation could 
exhibit higher estradiol-mediated transcriptional activ- 
ity is through an increased binding affinity or binding 
capacity for coactivators. The abilities of wtERa and 
ER-L372R to interact with different classes of LXXLL- 
containing peptides were compared in the presence of 
increasing concentrations of estradiol using a mam- 
malian two-hybrid assay (Fig. 6). The Gal4-DBD-D11, 
Gal4-DBD-D47, Gal4-DBD-F6, and Gal4-DBD-GRIP1 
NR-box constructs were described above. The Gal4- 
DBD-SRC-1 NR-box fusion contains the middle three 
copies of the LXXLL motif found in the coactivator 
SRC-1 . As shown in Fig. 6, compared with the wtERa, 
the ER-L372R mutant did not show a higher affinity for 
any of the LXXLL peptides tested. However, ER- 
L372R did exhibit a higher capacity for binding to the 
GRIP1 NR-box peptide at higher concentrations of 
estradiol (Fig. 60). Therefore, the enhanced transcrip- 
tional activity of ER-L372R can be explained in part by 
increased coactivaor binding. 

ER-lnteracting CoRNR Box Peptides Show 
Distinct Preferences for Other Nuclear Receptors 

It has been shown that different members of the nu- 
clear receptor superfamlly display distinct preferences 
for the known IDs located within NGoR and SMRT (21). 
Consequently, we examined the binding specificity of 
the ER-interacting CoRNR box peptides with other 
nuclear receptors using the mammalian two-hybrid 
assay. Surprisingly, although these peptides were de- 
signed using the CoRNR box consensus derived from 
NCoR and SMRT, which interacts with both apo-RARa 
and apo-TR/3, none of the CoRNR box-containing 
peptides obtained in this study interacted with these 
two receptors (see Fig. 1, C and D). However, we 
noticed that the bN2 peptide can interact with apo- 
RXRa, and treatment with 9-c/s-retinoic acid abol- 
ished this interaction (Fig. 7A). Under the same con- 
ditions apo-RXR showed only minimal binding to 
NCoR/SMRT IDs, and the interaction between SMRT 
ID-C and apo-RXR was actually slightly increased, 
rather than inhibited, by retinoic acid treatment (Fig. 
7A), consistent with previous observations that RXRa 
only weakly interacts with SMRT, and retinoic acid 
treatment can strengthen this interaction (21, 24). The 
binding of progesterone receptor (PR) to ER-interact- 
ing CoRNR box peptides was also examined. Figure 7, 
B and C, showed that no interaction of PRA and PRB 
with the CoRNR box peptides was observed in the 
absence of hormone or in the presence of progester- 
one. However, treatment with RU486 (a mixed agonist/ 
antagonist) or ZK98299 (a pure antagonist) facilitated 
a robust interaction between both PR isoforms and the 
bTI peptide. As antagonist-bound PRs can interact 
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Fig. 6. ER-L372R Shows Higher Capacity for Binding to LXXLL Motif-Containing Peptides 

VP16-ER-WT or VP16-ER-L372R was transfected into HepG2 cells along with 3xERE-TATA-Luc, the )3-ga!actosidase control 
plasmid, and different LXXLL motif-containing peptides as indicated in each panel. After transfection, cells were treated with 
increasing concentrations of estradiol for 24 h before being harvested for detemnination of luciferase and j3-galactosidase 
activities. Data are presented as normalized luciferase activity, which was obtained by dividing luciferase activity by p-galacto- 
sidase activity. 



with NCoR/SMRT IDs, as shown in Fig. 7, B and C, 
and in previous studies (25), it is not surprising that 
CoRNR box-containing peptides with this binding 
specificity were found in our screens. However, there 
are differences in the CoRNR box binding patterns of 
PR treated with RU486 or ZK98299. The bT1 peptide, 



which binds tamoxifen-bound ERa and ER)3, associ- 
ates more strongly with PRs treated with RU486 than 
ZK98299, whereas NCoR/SMRT ID-Cs exhibit a stron- 
ger interaction with ZK98299-bound PRs than RU486- 
bound PRs. These results demonstrated that the 
flanking sequences of the CoRNR box can dictate the 
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Fig. 7. ER-lnteracting CoRNR Box Peptides Show Distinct 
Preferences for Other Nuclear Receptors 

The ability of the CoRNR box-containing peptides to interact 
with RXRa (A), PRB (B), or PRA (C) was tested using mammalian 
two-hybrid assays. HepG2 cells were transfected with VP1 6- 
receptor fusion expression vector along with the Gal4-DBD- 
peptide fusion construct, the 5xGal4-TATA-Luc reporter, and 
the p-galactosidase control plasmid. After transfection, cells 
were treated with 100 nM homnone for 24 h before being har- 
vested for determination of iuciferase activity. Data are pre- 
sented as normalized Iuciferase activity, which was obtained by 
dividing Iuciferase activity by )3-galactosidase activity. 



receptor binding specificity and that an unidentified 
corepressor(s) other than NGoR/SMRT might exist 
that shares the CoRNR box motif, but differentially 
interacts with different nuclear receptors. 



DISCUSSION 

It is now generally accepted that the transcriptional 
activity of nuclear receptors is regulated by their ability 
to couple with appropriate coactivator or corepressor 
proteins and by the relative and absolute levels of 
these two classes of receptor-associated proteins in 
target cells. Whereas the nature of the interaction of 
receptors with coactivators is generally understood, 
there is little known about the receptor-corepressor 
interface. Initial studies indicated that corepressor 
(NCoR/SMRT) binding requires an intact CoR box 
conserved in helix 1 of the unliganded TRjS and RXRa 
(26, 27). The generality of the requirement of helix 1 for 
corepressor binding, however, is unclear, because this 
domain is not highly conserved in ERa. It now appears 
more likely that the CoR box contributes to the overall 
structure of a distal corepressor binding site on TR, 
but does not provide the primary point of contact 
between the receptor and corepressors (28). This con- 
clusion is further supported by the recent crystallo- 
graphic analysis of peroxisome proliferator-activated 
receptor a (PRARa) complexed with antagonist 
GW6471 and SMRT ID-C, which reveals that the pri- 
mary corepressor binding pocket overlaps that re- 
quired for coactivator binding in helixes 3, 4, and 5 
(29). No evidence for a contribution of sequences in 
helix 1 is apparent from this structure. Indeed, before 
the solution of this informative crystal structure the 
involvement of helixes 3 and 5 within TRa and RXRa in 
corepressor binding was implicated by mutagenesis 
(20). In the present study mutations of these corre- 
sponding amino acid residues in ERa were made, and 
the resultant mutants were tested for their ability to 
interact with a series of CoRNR box- and LXXLL motif- 
containing peptides. Two of the ERa mutants, ER- 
K362A and ER-V376R, exhibited impaired interactions 
with both LXXLL- and CoRNR box-containing pep- 
tides, confirming that the surfaces required for coac- 
tivator and corepressor binding overlap. The most in- 
formative mutation, however, is ER-L372R, which 
retained the LXXLL peptide binding characteristics of 
wtER, but was unable to interact with two of the 
CoRNR box peptides (bT1 and bl2) identified in our 
studies. Using this mutant we were able to dissociate 
corepressor and coactivator binding by demonstrating 
that the agonist efficacy of tamoxifen and estradiol 
could be dramatically enhanced when the binding site 
for these CoRNR box peptides was disrupted. The 
conclusion that ER-L372 was required for corepressor 
binding was supported by the additional observations 
that the inverse agonist activity of the pure antiestro- 
gen IC1 1 82,780 was decreased when assayed on this 
mutant. Cumulatively, these findings provide strong 
evidence for the involvement of corepressors in ER 
action. 

It has been shown that the corepressors NCoR and 
SMRT can associate with ERa in the presence of 
tamoxifen (13, 16, 30, 31). However, in the current 
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Study we were unable to detect an interaction between 
ER and tine CoRNR box peptides, which contain the 
NCoR/SMRT IDs, although these peptides were capa- 
ble of binding apo-TR/3 and apo-RARa. It is possible 
that the interaction interface between ER and NCoR/ 
SMRT lies outside of the CoRNR box motif. However, . 
identification of CoRNR box peptides that bind ER in 
the presence of antagonists also suggests that there 
exist other CoRNR box-containing proteins that may 
be involved in ER signaling. 

There is strong evidence that corepressors NCoR 
and SMRT can modulate the agonist activity of tamox- 
ifen, but they play little, if any, role in regulating the 
physiological actions of estradiol (14, 17). Predictably, 
we observed that the agonist activity of tamoxifen was 
enhanced by disruption of the putative corepressor 
binding surface (defined by the L372R mutation) on 
ERa. However, one of the most interesting findings of 
our study was that this mutation also enhanced the 
agonist efficacy of estradiol. One possible explanation 
is that this mutation disrupts the interaction of ERa 
with a corepressor (or a competitive repressor) that, 
unlike NCoR and SMRT, can recognize the agonist- 
activated structure of ERa, Potential candidates that 
could function in this manner include repressor of 
estrogen receptor activity (REA), short heterodimer 
partner (SHP), and dosage-sensitive sex reversal- 
adrenal hypoplasia congenita critical region on the X 
chromosome (DAX-1) (32-34). We believe that the 
data are also consistent with the hypothesis that there 
exist corepressors that can interact with apo-ERa or 
ERa bound to an antagonist and that the L372R mu- 
tation disrupts this interaction and in doing so reduces 
the energy of activation of the receptor by removing 
the "brake" afforded by the corepressor. This hypoth- 
esis will be tested in future studies. 

It is interesting to note that the cocrystal structure of 
ERa with NR box 2 of GRIP1 predicts that K362, L372, 
and V376 make van der Waals contacts with the 
leucine side-chains within the LXXLL motif, and that 
K362 can also form hydrogen bonds with the back- 
bone of this peptide (8). Although the transcriptional 
activity of the ER-V376R and ER-K362A mutants was 
compromised (data not shown), we were surprised to 
find that mutation of amino acid leucine 372 to arginine 
within ERa did not decrease, but greatly enhanced, 
estradiol efficacy. Moreover, ER-L372R retained the 
ability to interact with all three classes of LXXLL motif- 
containing peptides and actually showed an increased 
binding capacity for the GRIP1 NR box peptides. It is 
likely that L372 of ERa, which corresponds to L302 in 
PPARa, plays a significant role in interacting with 
CoRNR box-containing corepressors, as suggested 
by the recent crystal structure of the antagonist- 
PPARa bound to the SMRT ID-C (29). Alternatively, 
L372 could be important for mediating the autoinhibi- 
tory activity of ERa through an intramolecular interac- 
tion. Whatever the mechanism, mutation at L372 dis- 
rupts the negative regulatory surface on ER, allowing 
the receptor to be more susceptible to agonist activa- 



tion. Another possible explanation is that mutation of 
L372 to an arginine may inadvertently increase the 
affinity of the receptor for coactivators by making ad- 
ditional contacts with the amino acid residues adja- 
cent to the LXXLL motif. Given the overlapping nature 
of the corepressor and coactivator binding site on 
ERa, it is likely that the increased transcriptional ac- 
tivity of ER-L372R is due to both a loss of corepressor 
binding and an increase in the ability of coactivators to 
bind to the receptor. 

Inspection of the crystal structure of human ERa 
LBD in the presence of estradiol indicated that amino 
acid residues in helixes 3, 4, 5, and 12 can form a 
hydrophobic surface that constitutes the primary con- 
tact point for the LXXLL motif found in the pi 60 co- 
activators (8). However, helix 12 is not required for 
corepressor binding, as its deletion or mutation only 
serves to enhance the interaction of both NCoR and 
SMRT with nuclear receptors (27, 28, 35). One of the 
most interesting observations of the current study was 
that the binding of the CoRNR box peptides to ERa 
was not negatively affected by mutations in helix 12. In 
fact, most of these CoRNR box peptides interacted 
better with ERa mutants in which the helix 1 2 structure 
was compromised, demonstrating a negative regula- 
tory function of helix 12 for corepresssor binding. In 
addition, it was found that the exquisite ligand speci- 
ficity demonstrated by the different classes of CoRNR 
box peptides identified was lost when helix 12 was 
disrupted. Consistent with these results, a recent re- 
port demonstrated that a mutant ERa deleted for the 
C-terminal 58 amino acids can be coimmunoprecipi- 
tated with SMRT in the absence of hormone or in the 
presence of estradiol and tamoxifen, whereas under 
the same conditions wtERa can only interact with 
SMRT in a tamoxifen-dependent manner (36). Thus, 
although ERa helix 12 is not required for corepressor 
binding, its relative positioning by different agonists/ 
antagonists can regulate the interactions between 
corepressors and the receptor. 

In summary, using combinatorial phage display, 
three different classes of CoRNR box-containing pep- 
tides have been identified that bind selectively to apo- 
ER, tamoxifen-bound ER, and ICI 182,780-bound ER. 
These peptides have helped map a negative regula- 
tory surface within ERa. Our findings are consistent 
with the existence of corepressors that interact with and 
modulate ERa activity. Although NCoR/SMRT may be 
important for mediating the tamoxifen antagonist activity 
of ERa, we cannot rule out the possibility that additional 
corepressors may be involved in regulating ERa activity 
in the presence of antagonists/agonists. 



MATERIALS AND METHODS 

Chemicals 

17)3-Estradiol» 4-hydroxytamoxifen, T3, all-frans-retinoic acid, 
9-c/s-retlnolc acid, and progesterone were obtained from 
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Sigma (St. Louis, MO). ICI 182,780 was obtained from Tocris 
(Ellisville, MO). RU486 was a gift from Ligand Pharmaceuti- 
cals, Inc. (San Diego, OA). ZK98299 was a gift from Schering 
AG (Berlin, Germany). 

Construction of the Phage Display Library 

A focused CoRNR box phage display library was constructed 
using a degenerate oligonucleotide able to code for 23 amino 
acids in the format of X7-L-X-X-H/I-I-X-X-X-I/L-X7, where L is 
leucine, H is histidine, I is isoleucine, and X is any amino acid. 
A 100-bp single-stranded oligonucleotide containing terminal 
Xho\ and Xba\ sites and fully degenerate at the remaining 
(NNK) positions was synthesized, converted to double- 
stranded form, and purified by gel electrophoresis. The re- 
stricted oligonucleotides were ligated into the mBAX vector, 
and the ligated DMA was used to transform Escherichia coli 
DHSo-F' competent cells. The transformants were harvested, 
and the phage were purified from the transformants. The 
library has a complexity of 1.3 x 10^ different peptide 
sequences. 

Panning of CoRNR Box Peptide Library 

Enrichment and amplification of the library using a target 
protein were carried out as described previously with minor 
modifications (23). To isolate phage that bind tamoxifen- or 
ICI 182,780-bound ER, 4 pmol ERa or ERp were diluted in 
NaHCOg plus 10~® m antiestrogen and adsorbed onto an 
Immulon 4 plate (Thermo Labsystems, Helsinki, Finland) for 
3 h at room temperature. To isolate apo-ER binding phage, 
Immulon 4 plates were coated with streptavidin in 0.1 m 
NaHCOg and then incubated for 1 h with 2 pmol biotinylated 
vitellogenin ERE, followed by incubation for 1 h with 4 pmol 
ERa or ER0. After blocking the ER-coated or ER/ERE-coated 
plates for 1 h with 0.1% BSA in NaHCOg, afiquots of the 
phage library (10^° plaque-forming units) were diluted in PBS 
containing 0.1% Tween 20, and phage were allowed to bind 
overnight at 4 C. Unbound phage were subsequently re- 
moved by washing with PBS containing 0.1 % Tween 20, and 
bound phage were eluted with 50 mM glycine-HCI (pH 2.0), 
followed by 100 mM ethanolamine (pH 11.0). The pH of the 
first eluate was immediately neutralized with 200 mM 
Na2HP04 (pH 8.5) and combined with the first eluate. Eluted 
phage were amplified in DH5aF' cells for 5 h, and the super- 
natant containing amplified phage was collected for use in 
subsequent rounds of panning. After the third round of pan- 
ning, randomly selected phage plaques were amplified, and 
their single-stranded DNA was sequenced. Phage amplified 
from single plaques and purified were tested for binding to 
ERa or ER)3 with or without hormones using ELISA, as de- 
scribed previously (23). 

Cell Culture and Transient Transfection 

HepG2 (hepatocellular carcinoma) and HeLa (cervical carci- 
noma) cells were maintained in MEM (Invitrogen, Carlsbad, 
OA) supplemented with 10% fetal bovine serum (HyClone 
Laboratories, Inc., Logan, UT), 0.1 mM nonessential amino 
acids, and 1 mM sodium pyruvate (Invitrogen) and maintained 
in a humidified 37 C incubator with 5% CO2. Cells were 
plated into 24- well plates and transfected using lipofectin 
reagent according to the manufacturer's instructions (Invitro- 
gen). A transfection mixture containing a total of 3000 ng 
plasmid in each of triplicate samples was incubated with cells 
for 3 h (for HeLa) or 5-16 h (for HepG2). Hormones were 
added to the cells 24 h before harvest. Luciferase and j3- 
galactosidase activities were measured as previously de- 
scribed (37). For mammalian two-hybrid assays, 1500 ng 
5xGal4-TATA-Luc reporter plasmid, 500 ng VP1 6-receptor 
fusion, 500 ng Gai4-DBD-peptide fusion, and 500 ng normal- 



ization plasmid pCMV/3gal were used. For receptor transcrip- 
tional activity assays, 1500 ng 3xERE-TATA-Luc, 100 ng 
pCMV/3gal, and 0-640 ng wild-type or mutant pRST7-ERa 
were used. A pBluescript II vector (Stratagene, La Jolla, OA) 
was added in these experiments to balance the amount of 
input DNA in transfections. 

Plasmids 

The Gal4-DBD-peptide fusions were constructed by excising 
DNA sequences coding for the peptides from mBAX vector 
with Xho\ and Xbal and subcioning it into the Sail and Xba\ 
sites of the pMsx vector (23). To generate the Gal4-DBD- 
NCoR ID-N, Gal4-DBD-SMRT ID-N. Gal4-DBD-NCoR ID-C, 
or Gal4-DBD-SMRT ID-C fusions, single-stranded oligonu- 
cleotides containing the DNA sequences coding for the indi- 
vidual ID and terminal Xho\ and Xba\ sites were synthesized 
and converted to double-stranded form, and the restricted 
oligonucleotides were ligated into the pMsx vector. Gal4- 
DBD-D11, Gal4-DBD-D47, Gal4-DBD-F6, Gal4-DBD-GRIP1 
NR-box, and Gal4-DBD-SRC-1 NR-box were described pre- 
viously (23). Mammalian expression plasmid pRST7-ERa has 
been described previously (38). Mutant receptors pRST7-ER- 
K362A, pRST7-ER-L372R, and pRST7-ER-V376R were gen- 
erated by using the QuikChange sitedirected mutagenesis kit 
(Stratagene). with wild-type pRST7-ERa as the template. The 
reporter 3xERE-TATA-Luc has been described previously 
(22). Construction of VP16-ERa, VP16-ERj3, VP16-ER-LL, 
VP16-ER-3X, VP16-ER-535 stop, VP16-RARa, and VP16- 
RXRa were described previously (23). VP16-TR^ was pro- 
vided by D. D. Moore (Baylor College of Medicine, Houston, 
TX). VP16-PRA and VP16-PRB were gifts from C. X. Wen 
(Ligand Pharmaceuticals, Inc.). VP16-ER-HBD was gener- 
ated by PCR of the full-length human ERa cDNA with primers 
containing EcoRI and Sail sites and subsequently subcioning 
the PCR product into the EcoRI and Sa/I sites in the pVP16 
vector (CLONTECH Laboratories, Inc., Palo Aito, CA). Other 
VP16-ERa point mutants (ER-K362A, ER-L372R, and ER- 
V376R) were constructed by excision of mutant ER cDNAs 
from their corresponding mammalian expression plasmids 
and subcloned into the pVP16 vector. The reporter 5xGal4- 
TATA-Luc was a gift from X. F. Wang (Duke University Med- 
ical Center, Durham, NC). 

Western Blot Analysis 

HepG2 cells were plated into 100-mm plates and transfected 
with 3 /xg of the different forms of receptor treated with 
different hormones together with 1 jug of a green fluorescent 
protein expression vector for normalization. Nuclear extracts 
were prepared as described previously (39). Proteins (20-/xg 
samples) were separated on sodium dodecyl sulfate-poly- 
acrylamide gel and 'transferred to nitrocellulose. The recep- 
tors were detected with the monoclonal antibody H222 (pro- 
vided by Geoffrey Greene, Ben May Institute, Chicago, IL). 
Green fluorescent protein was probed with an anti-green 
fluorescent protein polyclonal antibody (CLONTECH Labora- 
tories, Inc.). The immunocomplexes were visualized by en- 
hanced chemiluminescence (Amersham Pharmacia Biotech, 
Piscataway, NJ) as described by the manufacturer. 
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